ABSTRACT: This study hypothesized that the gut microbial populations, intestinal morphology, and cytokine production are differentially altered in 2 different pig breeds, namely, Chinese native Jinhua pigs and European Landrace pigs, after orally challenge with enterotoxigenic Escherichia coli (ETEC) K88. A total of 12 Jinhua pigs and 12 Landrace pigs were allocated to either the nonchallenged or the challenged groups (6 pigs per group). The challenged pigs were orally administered ETEC K88, and their nonchallenged counterparts were given sterile Luria-Bertani broth. Selected gut microbial populations, intestinal morphology, mRNA expression of tight junction proteins, and the levels of ileal cytokines and secretory immunoglobulin A (sIgA) production were measured in Jinhua and Landrace pigs. The results showed that the challenged Jinhua pigs exhibited a significantly (P < 0.05) lower incidence of diarrhea compared with their Landrace counterparts. The Escherichia coli (E.coli) population and the percentage of E. coli in the total bacteria population were increased in response to ETEC K88 challenge in both Jinhua and Landrace pigs. The challenged Landrace pigs shed more E. coli (P < 0.05) and had higher percentage of E. coli in the total bacteria population in the colon (P < 0.05) compared with their Jinhua counterparts. Both pig breeds tended to exhibit greater villous atrophy and crypt depth reduction in all of the intestinal segments with challenge. The expression of tight junction proteins decreased in response to ETEC K88 challenge in both pig breeds. The levels of the proinflammatory cytokines interferon (IFN)-γ, tumor necrosis factor-α, and IL-6 and the secretion of sIgA were positively altered whereas the levels of the anti-inflammatory cytokine IL-4 and transforming growth factor (TGF)-β were negatively altered by ETEC K88 challenge in both breeds. Jinhua pigs exhibited significantly higher levels of IFN-γ and TGF-β (P < 0.05) in the challenged group. Our findings provide valuable evidence to explain the differences in the intestinal physiology between Jinhua and Landrace pigs; that is, Jinhua pigs appeared to show better growth performance, a lower incidence of diarrhea, and a lower extent of immune activation in response to ETEC K88 challenge and a higher Lactobacillus population, a higher percentage of Lactobacillus in the total bacteria population, a higher ratio of Lactobacillus to E. coli, and higher levels of tight junction proteins with and without challenge.
INTRODUCTION
The small intestine is the major site of nutrient digestion and absorption. In addition, the intestinal epithelium, the gut associated lymphoid tissues, and the gut microbiota play crucial roles in the prevention of pathogenic microorganisms, toxins, and allergenic macromolecules from entering the interior space of the body and the maintenance of the gastrointestinal tract (GIT) homeostasis (Moreto and Perez-Bosque, 2009 ). As such, the maintenance of normal gastrointestinal functions is important for animal health. The intestinal functions of pigs may be altered by several physiological, pathological, psychological, and pharmacological factors (Lambert, 2009) . Among those factors, piglets are susceptible to a number of pathogenic bacterial diseases, particularly during the weaning transition period. One of the most common diseases is postweaning colibacillosis (PWC), which is caused by serotypes of enterotoxigenic Escherichia coli (ETEC) in the first 2 wk after weaning (Kim et al., 2012) . Enterotoxigenic E. coli uses extracellular fimbriae (e.g., K88, K99, and K18) that adhere to specific receptors on the surface of intestinal epithelia. After adhesion, ETEC can release at least 1 member of 2 defined groups of enterotoxins, namely, heat stable enterotoxin and heat-labile enterotoxin (LT) (Nataro and Kaper, 1998) , which can induce fluid excretion and cause severe diarrheal disease in the weaning piglets. Infection with ETEC also results in a loss of gut barrier function (Ewaschuk et al., 2011) , the induction of mucosal immune responses (Lessard et al., 2009) , and the disruption of the microbial homeostasis in the GIT of pigs (Halas et al., 2010; Li et al., 2012) .
Pigs of different breeds have evolved diverse characteristics due to geographical separation and different domestication conditions. Chinese native pig breeds, such as Meishan, and European-originated breeds, such as Landrace, exhibit distinctive physiological and immunological alterations in response to stress (Sutherland et al., 2006) . Nevertheless, the available data that compare the intestinal physiology between different pig breeds, particularly in response to ETEC infection, are scarce.
Therefore, the present study aimed to compare the effects of ETEC K88 challenge on selected gut microbial populations, the intestinal morphology, the expression of tight junction proteins, and the production of cytokines and secretory immunoglobulin A (sIgA) between Chinese Jinhua and European Landrace pigs. The objective of this study was to determine the differential intestinal responses between the 2 pig breeds challenged with ETEC K88 and to gain valuable insight into the underlying mechanisms.
MATERIALS AND METHODS

Bacterial Strains and Culture
Enterotoxigenic E. coli K88 C83907 was purchased from the China Institute of Veterinary Drugs Control (Beijing, China) and preserved by the National Engineering Laboratory of Bio-feed Safety and Pollution Prevention (Hangzhou, China) . This strain was confirmed to be positive for K88 and the virulent factors, heat-stable enterotoxin ii and LT, as determined by PCR genotyping. The bacteria was resuscitated in 3 mL of Luria-Bertani (LB) broth at 37°C for 24 h with shaking and plated onto LB agar. A single colony was inoculated into 50 mL of LB broth, cultured overnight at 37°C and 250 rpm, and then subcultured and serially diluted on LB agar for bacterial enumeration. A final concentration of 5.4 × 10 9 cfu/mL was used in this experiment.
The following bacterial cultures were used as positive controls to generate standard curves that could be used to determine the select phyla and genera within the pig digesta through quantitative real-time PCR. Escherichia coli ATCC25922 and Bacillus subtilis were grown aerobically in LB broth at 37°C. Lactobacillus acidophilus ATCC4356 and Bifidobacterium suis ATCC27533 were grown anaerobically in peptone yeast glucose and de Man-Rogosa-Sharpe media, respectively, at 37°C.
Animals, Challenge Procedures, and Sample Collection
The animal protocols used in the present study followed the guidelines stated in the Guide for the Care and Use of Agricultural Animals in Research and Teaching and were approved by the animal care committee of Zhejiang University.
A total of 24 weaned pigs, that is, 12 Jinhua pigs (with an initial body weight of 7.46 ± 0.22 kg) and 12 Landrace pigs (with an initial body weight of 8.10 ± 0.21 kg), were assigned to 4 experimental treatment groups (6 pigs per treatment): Jinhua nonchallenge treatment group, Landrace nonchallenge treatment group, Jinhua challenge treatment group, and Landrace challenge treatment group. All of the pigs were penned individually throughout the 10-d experiment and allowed ad libitum access to feed and water throughout the study. The pigs were inoculated orally using a syringe attached to a polyethylene tube on d 1, 3, 5, and 7 between 1400 and 1600 h. Each pig was administered 100 mL of LB broth containing 10 9 cfu/mL of ETEC K88 or 100 mL of sterile LB broth. The ADG, ADFI, and G:F of each pig were monitored throughout the experimental period. The number of pigs with diarrhea was recorded daily, and the diarrhea ratio was calculated using the following equation: diarrhea ratio = total number of pigs with diarrhea/(total number of experimental pigs × trial days) × 100. On d 11, all of the pigs were euthanized, and tissues from the duodenum, jejunum, and ileum as well as colonic and cecal digesta samples were removed and immediately frozen in liquid nitrogen. The samples were stored at -80°C until analysis.
Gut Microbial Population Analysis
The total genomic DNA from the different reference strains that were used to generate standard curves was extracted using the QIAamp UCP Pathogen Mini Kit (Qiagen, Valencia,, CA). The genomic DNA from the colonic and cecal digesta samples were extracted using the QIAamp DNA Stool Mini kit (Qiagen). The speciesspecific PCR primers used to quantify the total bacteria and the other 4 different bacterial species are listed in Table 1 . The quantitative detections of total bacteria, E. coli, Lactobacillus, Bifidobacterium, and Bacillus were performed using a culture-independent quantitative real-time PCR method that was modified from previously studies (Layton et al., 2006; Furet et al., 2009) . Briefly, standard plasmids that contained the 16s rRNA genes that were amplified using the primers listed in Table 1 were constructed, and the gene copy numbers were calculated using the following formula: (DNA concentration in μg/μL × 6.02 × 10 23 copies/mol)/(DNA size (bp) × 660 ×10 6 ). Standard curves were generated from 10-fold dilutions of the plasmids with gene copy numbers ranging from 10 6 to 10 13 by plotting the threshold cycles as a function of the bacterial gene copies.
For the detection of bacteria in the digesta samples, real-time PCR assays were performed on a StepOnePlus Real-Time PCR System (Applied Biosystems, Life Technologies, Carlsbad, CA) using optical-grade 96-well plates. The reaction mixture (20 μL) consisted of 10 μL of SYBR Premix Ex Taq kit (Takara, Dalian, China), 1 μL of ROX Dye, 1 μL (10 nM) of each primer set, and 1 μL of the template DNA. The PCR conditions were 30 s at 95°C and 40 cycles for 5 s at 95°C, 30 s at the annealing temperature (Table 1) , and 1 min at 72°C. Each of the PCR runs detected the standards and samples in triplicate. The gene copies were normalized for each digesta sample, and the data are presented as the log number of bacterial gene copies per gram of digesta sample. The lower detection limit for the bacterial enumeration was 10 6 copies/g of digesta samples.
Intestinal Morphology
The intestinal morphology was measured using the method described by Moeser et al. (2012) . In general, middle duodenum and jejunum sections and distal ileum sections were fixed in 10% PBS buffered formalin and embedded in paraffin. Five-millimeter sections were stained with hematoxylin and eosin for histological analysis. The images were acquired using a Leica microscope (DM3000; Leica, Wetzlar, Germany) equipped with a CCD camera (DFC420; Leica). Before imaging, the system was calibrated at each magnification using a stage micrometer. The villi and crypts were measured using the "measure distances" tool of the Image-Pro Plus 6.0 software (MediaCybernetics, Rockville, MD) with the 20X objective. A minimum of 3 villi from each pig were measured.
Analysis of the mRNA Expression of Intestinal Tight Junction Proteins
Specific primers were designed based on the published sequences of the claudin-1, occludin, zonula occludens protein-1 (ZO-1), and zonula occludens protein-2 (ZO-2) genes in pigs using the National Center for Biotechnology Information online primer design tool (www.ncbi.nlm.nih. gov/tools/primer-blast; Table 2 ). The expression of 18S rRNA was used for normalization. The total RNA from tissues of different intestine segments (duodenum, jejunum, and ileum) was extracted using the TRIzol Reagent (Invitrogen). The yield and purity of the RNA extracts were determined using a Nanodrop 2000 spectrophotometer (Thermo-Fisher Scientific, Waltham, MA). The RNA integrity was inspected on a 1% (w/v) agarose gel after it was mixed with 2X RNA Loading Dye (Thermo-Fisher Scientific). Two micrograms of total RNA of each sample was used for reverse transcription in a 20-μL reaction system containing 1 μg of random hexamers, 1 mM deoxyribonucleotide triphosphate mixture, and 200 U of M-MuLV Reverse Transcriptase (Thermo-Fisher Scientific). The reactions were incubated at 25°C for 20 min and at 42°C for 60 min and terminated at 70°C for 10 min. The real-time PCR reactions were performed using the conditions described previously and the following temperature program: a precycling stage at 95°C for 30 s and 40 cycles of denaturization at 95°C for 5 s and annealing at 60°C for 34 s. The fluorescence was detected at the end of each annealing step, and the melting curves were monitored to confirm the specificity of the PCR products. The 2 -ΔΔCT method (Livak and Schmittgen, 2001 ) was used to determine the mRNA expression levels. 
Enzyme-Linked Immunosorbent Assays of the Cytokine and Secretory Immunoglobulin A Concentration in the Ileum
Intestinal segments were removed from distal ileum of each piglet, rinsed with 1x PBS to remove excess blood, homogenized in 1 mL of 1x PBS, and stored overnight at -20°C. After 2 freeze-thaw cycles to break up the cell membranes, the homogenate was centrifuged at 5,000 × g for 5 min at 4°C, and the supernatant was collected, aliquoted in a 1.5 mL tube, and stored at -20°C until use. The ileal cytokine interferon (IFN)-γ, tumor necrosis factor (TNF)-α, IL-6, IL-4, transforming growth factor (TGF)-β, and sIgA levels (pg/mL) were measured using a commercially available ELISA Kit (Cusabio Biotech Co., Ltd., Wuhan, China) according to the manufacturer's protocol.
Statistical Analysis
All of the statistical analyses were performed in SPSS 16.0 (SPSS Inc., Chicago, IL). The generalized linear model (GLM) procedure was used to analyze the breed, ETEC K88 challenge, and their interaction as a source of variation. The significance of the differences between all of the treatment groups was analyzed by 1-way ANOVA and means separation using Duncan's significant difference test. A significance level of 0.05 was used as default.
RESULTS
Growth Performance and Diarrhea Ratio
Before the experiment, none of the animals showed clinical signs of postweaning diarrhea. The ETEC K88 challenge resulted in a decreased growth rate and an increased incidence of diarrhea in both Jinhua and Landrace pigs (Table 3 ). The ADG of Jinhua and Landrace pigs were decreased by 32.1 and 28.6%, respectively. The ADG of the challenged Jinhua pigs (0.19 ± 0.01 kg/d) was significantly higher (P < 0.05) compared with their Landrace counterparts (0.10 ± 0.02 kg/d). The breed (P < 0.001) and ETEC K88 challenge (P < 0.01) strongly affected the ADG throughout the experimental period. The breed exerted a significant effect on the ADFI (P < 0.05). The Jinhua pigs presented a significantly higher ADFI (P < 0.05) compared with the Landrace pigs in both the challenged and the nonchallenged groups. The ADFI was decreased by 14.0 and 12.5% in Jinhua and Landrace pigs, respectively, compared with the respective nonchallenged pigs. The interaction between breed and ETEC K88 challenge had no significant effect on the ADG (P = 0.186) or the ADFI (P = 0.660). No significant difference was observed in the G:F between the different experimental treatment groups. The challenged Jinhua pigs showed a significantly lower diarrhea ra- The superscript letters indicate a significant difference within a row (P < 0.05).
1 JN = nonchallenged Jinhua pigs; LN = nonchallenged Landrace pigs; JC = challenged Jinhua pigs; LC = challenged Landrace pigs.
2 B = breed; C = ETEC K88 challenge; B × C, breed and ETEC K88 challenge interaction.
* P < 0.05; **P < 0.01; ***P < 0.001.
tio compared with their Landrace counterparts (7.1 vs. 26.2%, respectively). The breed (P = 0.001), ETEC K88 challenge (P < 0.001), and their interaction (P = 0.006) exerted significant effects on the diarrhea ratio.
Gut Microbial Population Analysis
The colonic and cecal microbial populations of total bacteria, E. coli, Bacillus, Bifidobacterium, and Lactobacillus (log 16S rRNA gene copies/g of digesta) as well as the percentage of E. coli in the total bacteria population, the percentage of Lactobacillus in the total bacteria population, and the ratio of Lactobacillus to E. coli in Jinhua and Landrace pigs are shown in Table 4 . The effects of the breed and ETEC K88 challenge on the colonic and cecal microbial populations, percentages, and ratios were found to be site dependent. In the colon, the total bacterial population was not affected by the breed and ETEC K88 challenge but was significantly affected by their interaction (P = 0.029). The ETEC K88 challenge significantly increased the populations of E. coli (P < 0.05) in both pig breeds. The Jinhua pigs exhibited a significantly lower colonic (P < 0.05) population of E. coli compared with their Landrace counterparts, regardless of whether the pigs were challenged. Moreover, the colonic E. coli populations were strongly affected by the breed (P = 0.001) and ETEC K88 challenge (P < 0.001). The population of colonic Lactobacillus (P < 0.05) was significantly reduced in response to ETEC K88 challenge in Landrace pigs and was strongly affected by the interaction between breed and ETEC K88 challenge (P = 0.022). The population of Bacillus (P < 0.05) was increased only in the challenged Jinhua pigs and was significantly influenced by the interaction between breed and ETEC K88 challenge (P = 0.007). The colonic Bifidobacterium populations did not differ between the treatment groups.
The microbial populations in the cecum were less altered compared with those of the colon. The breed, ETEC K88 challenge and their interaction had no effect on the cecal populations of total bacteria, E. coli, Lactobacillus, and Bacillus. Only the population of Bifidobacterium was markedly affected by the breed (P = 0.011), but it was not affected by ETEC K88 challenge and the interaction of breed and ETEC K88 challenge. The ETEC K88 challenge tended to affect the population of E. coli (P = 0.061) and Lactobacillus (P = 0.077).
The percentage of E. coli in the total bacteria population in the colon was strongly affected by the breed (P < 0.001) and ETEC K88 challenge (P < 0.001). The ETEC K88 challenge significantly increased the colonic percentage of E. coli in the total bacteria population (P < 0.05) of the Landrace pigs. The challenged Landrace pigs exhibited a significantly higher colonic percentage of E. coli in the total bacteria population compared with their Jinhua counterparts. In contrast, the percentage of Lactobacillus in the total bacteria population was only significantly influenced by the breed (P = 0.031), and the percentages in both pig breeds tended to decrease after ETEC K88 challenge. The ratio of Lactobacillus to E. coli in the colon was strongly affected by the breed (P < 0.001), ETEC K88 challenge (P < 0.001), and their interaction (P < 0.001). The ETEC K88 challenge significantly decreased the ratio of Lactobacillus to E. coli in both pig breeds (P < 0.05), and the Jinhua pigs (challenged or not challenged) tended to present higher ratios of Lactobacillus to E. coli compared with Landrace pigs.
In the cecum, however, the percentage of E. coli in the total bacteria population was only markedly affected by ETEC K88 challenge (P = 0.004). The ETEC K88 challenge strongly increased the percentage of E. coli in the total bacteria population in both pig breeds (P < 0.05). The percentage of Lactobacillus in the total bacteria population did not differ between all of the treatment groups. The ratio of Lactobacillus to E. coli tended to be affected by ETEC K88 challenge (P = 0.076), and both pig breeds exhibited a decrease in this ratio after ETEC K88 challenge.
Intestinal Morphology
The intestinal morphological data, including villus heights, crypt depth, and their ratio, in Jinhua and Landrace pigs are presented in Table 5 . In the duodenum, the challenged Jinhua and Landrace pigs exhibited greater villous atrophy and crypt depth reduction compared with their nonchallenged counterparts. The villus heights, crypt depths and their ratio, in the challenged Jinhua pigs tended to be higher compared with the challenged Landrace pigs. The ETEC K88 challenge significantly affected the villus height (P = 0.046) and the ratio of villi to crypt (P = 0.016), and the effect of the breed on the villus heights tended to be significant (P = 0.083). In the jejunum, a similar intestinal morphological impairment was observed although the differences between the treatments were not significant. In the ileum, the ETEC K88 challenge caused significant reductions in the villus height in both Jinhua and Landrace pigs (P < 0.05). The crypt depth tended to be greater in the challenged animals, but the reduction in the villus heights in both breeds after the challenge resulted in a significant reduction in the ratio of villi to crypt. The challenged Landrace pigs exhibited significantly lower villus heights and a significantly lower ratio of villi to crypt when compared with their Jinhua counterparts. The breed and ETEC K88 challenge significantly influenced the villus heights (P < 0.001 for breed and P = 0.014 for ETEC challenge) and the ratio of villi to crypt (P = 0.010 for breed and P = 0.003 for ETEC K88 challenge), but their interactions did not affect the intestinal morphology throughout the experiment.
Analysis of the mRNA Expression of Intestinal Tight Junction Proteins
The expression levels of tight junction proteins (claudin-1, occludin, ZO-1, and ZO-2) in different intestinal segments of Jinhua and Landrace pigs are shown in Table 6 . The mRNA expression levels of these tight junction proteins in the challenged animals were decreased in all of the intestinal segments. The Jinhua pigs (both challenged and not challenged) exhibited higher expression levels of these genes compared with the Landrace pigs. In the duodenum, the expression of occludin (P = 0.026) and ZO-2 (P = 0.026) was significantly influenced by the breed whereas only ZO-2 was strongly influenced by ETEC K88 challenge (P = 0.009). In the jejunum, the expression of occludin and ZO-2 was significantly affected by the breed (P < 0.001), ETEC K88 challenge (P = 0.002 for occludin and P = 0.003 for ZO-2), and their interaction (P = 0.006 for occludin and P = 0.027 for ZO-2). The expression of ZO-1 was only significantly affected by the breed (P = 0.02) and ETEC K88 challenge (P = 0.028). The decreased expression of the tight junction protein mRNAs was more pronounced in the challenged Jinhua pigs compared with their Landrace counterparts. However, the challenged Jinhua pigs still exhibited a significantly higher expression level of occludin compared with the challenged Landrace pigs. In the ileum, the breed had significant effects on claudin-1 (P < 0.001) and ZO-1 (P = 0.023) expression whereas the ETEC K88 challenge strongly affected the expression of claudin-1 (P = 0.005), ZO-1 (P = 0.006), and ZO-2 (P = 0.043). Only the ileal expression of claudin-1 was significantly affected by the interaction between breed and ETEC K88 challenge (P = 0.008).
Cytokine and Secretory Immunoglobulin A Concentration in the Ileum
The effect of the ETEC K88 challenge on the concentrations of ileal cytokines and sIgA in Jinhua and Landrace pigs is presented in Table 7 . The ETEC K88 challenge significantly increased the levels of proinflammatory cytokines IFN-γ (P < 0.05), TNF-α (P < 0.05), and IL-6 (P < 0.05) in Jinhua pigs and the levels of IFN-γ (P < 0.05) and TNF-α (P < 0.05) in Landrace pigs. In addition, a higher level of IFN-γ (P < 0.05) was observed in challenged Jinhua pigs compared with their Landrace counterparts. The levels of anti-inflammatory cytokines IL-4 and TGF-β were reduced (P < 0.05) in challenged pigs in both breeds, but only the level of TGF-β was significantly higher in the challenged Jinhua pigs compared with challenged Landrace pigs. The level of sIgA significantly increased (P < 0.05) in the challenged animals, but no significant difference was found between the 2 breeds with or without challenge. The breed significantly affected the proinflammatory cytokines IFN-γ (P < 0.001) and IL-6 (P = 0.015) and the anti-inflammatory cytokines IL-4 (P = 0.001) and TGF-β (P = 0.001) whereas the ETEC K88 challenge significantly affected all of the cytokines and the sIgA concentrations analyzed in this study. Only TNF-α (P = 0.027) and IL-4 (P = 0.020) were significantly influenced by the interaction between breed and ETEC K88 challenge.
DISCUSSION
In the present study, we compared the gastrointestinal physiological responses to ETEC K88 challenge in Jinhua and Landrace piglets. In fact, the 2 pig breeds exhibited various differences in their baseline intestinal physiology. Under the current experimental conditions, the breed had marked effects on the incidence of diarrhea, the colonic microbial populations, the intestinal expressions of tight junction proteins, and the cytokines concentrations in response to ETEC K88 challenge but no effects on the intestinal morphology. Only a few studies have compared the gastrointestinal physiology or functions between different pig breeds. Meishan pigs were found to be less susceptible to ETEC strains bearing the colonization factor K88, 987P, F41, or F41 plus K99 compared with European Large White pigs (Duchetsuchaux et al., 1991) . Moreover, the small intestinal nutrient transport and barrier functions in Yorkshire and Meishan gilts were found to respond differently to lipopolysaccharides (LPS) exposure (Albin et al., 2007) . To the best of our knowledge, this study provides the first comparison of the intestinal physiology between Chinese Jinhua pigs and European Landrace Pigs using an ETEC K88 challenge model. These findings may help to explain how pigs of different breeds respond differently to pathogenic challenge by providing detailed information on the differences in the microbial populations, intestinal morphology, the expression levels of tight junction proteins, and mucosal immunity between Jinhua and Landrace pigs.
Porcine E. coli challenge models have been widely used over the past decade to study various aspects of growth (Wellock et al., 2008b) , nutrition (Bhandari et al., 2008; Yi et al., 2005; Lessard et al., 2009) , and immunity (Bosi et al., 2004; Wellock et al., 2008a) . Pigs susceptible to E. coli have shown retarded growth and greater incidence of postweaning diarrhea. In the present study, the breed was the main factor responsible for the differences in ADG and ADFI. The Jinhua pigs presented significantly higher ADG and ADFI compared with the nonchallenged 2 B, breed; C, ETEC K88 challenge; B × C, breed and ETEC K88 challenge interaction.
and challenged Landrace pigs. However, the interaction between breed and ETEC K88 challenge had no effect on growth performance. One possible reason for this finding may be that the short experimental period of this study diminished the effect of the ETEC K88 challenge on growth performance. However, inoculation of ETEC K88 markedly affected the incidence of diarrhea in both pig breeds. We observed prompt diarrhea the day after the challenge, and this finding is in agreement with the results reported by Madec et al. (2000) . The effect of the ETEC K88 challenge on the incidence of diarrhea was markedly greater in the Landrace pigs (the interaction between breed and ETEC K88 challenge; P = 0.006), and higher percentages of the Landrace pigs were diarrhea positive with challenge, which indicates that the Landrace pigs are more susceptible to ETEC K88 challenge. The commensal microbiota of the GIT contributes to the maintenance of mammalian host health and performance. In pigs, the composition and diversity of gut microbes are influenced by several factors, including weaning transition (Konstantinov et al., 2006) , diet composition (Castillo et al., 2008; Hojberg et al., 2005) , environment (Pluske et al., 2007) , and pathogen infection (Konstantinov et al., 2008; Price et al., 2010) . Pigs infected with Salmonella exhibited a shift in the composition of the fecal microbial community, but supplementation with a yeast fermentation product altered the composition by increasing the populations of Bacteroidetes and Lactobacillus (Price et al., 2010) . Similar results were obtained in a study that used an F4 (K88)-positive E. coli challenge pig model: the administration of a probiotic at a safe threshold level increased the number of Lactobacillus and Bifidobacterium and reduced coliform shedding (Li et al., 2012) . Pigs of different breeds, for example, Meishan and Landrace, also tend to present different predominant bacterial divisions in the distal gut under normal conditions (Guo et al., 2008) . The oral inoculation of pathogenic strains of E. coli into a pig model of PWC resulted in the transient and immediate appearance of diarrhea and E. coli shedding in the feces (Madec et al., 2000) . In the present study, we observed markedly increases in the E. coli populations and in the percentage of E. coli in the total bacterial populations in both pig breeds with ETEC K88 challenge. This result may help explain the higher incidence of diarrhea and the retarded growth performance observed in the challenged pigs. Although the current measurement did not discriminate the population of ETEC K88 from the entire E. coli strains, our data were consistent with the previous notion that ETEC are able to proliferate to large numbers in the gut before initiating diarrhea (Madec et al., 2000) . Furthermore, the Landrace pigs exhibited a higher E. coli population and a higher percentage of E. coli in the total bacteria population compared with the Jinhua pigs with or without challenge, which suggests that the Landrace pig are most likely predisposed to shed more E. coli in the GIT. An increase in the ratio of Lactobacillus to Enterobacteria is considered beneficial for gut health (Castillo et al., 2008) , and the inhibition of Enterobacteria may prevent or decrease the se- claudin-1, occludin, ZO-1, and ZO-2 The superscript letters indicate a significant difference within a row (P < 0.05).
2 B, breed; C, ETEC K88 challenge; B × C, breed and ETEC K88 challenge interaction.
verity of diarrhea that appears after weaning (Melin et al., 2004) . In our study, ETEC K88 challenge resulted in reduced percentage of Lactobacillus in the total bacteria population and the ratio of Lactobacillus to E. coli, which indicates that the challenged pigs of both breeds experienced a loss of normal gut physiology although the Landrace pigs presented a higher extent of intestinal damage compared with the Jinhua pigs. The effects of the breed, ETEC K88 challenge, and their interaction on the selected microbial populations were segment dependent. In the cecum, the selected microbial populations were less responsive to the breed and ETEC K88 challenge. We speculated that this finding can be attributed to the short experimental period used in the present study, which was less able to cause an apparent disturbance of the microbial community. The integrity of intestinal morphological structures is crucial for the maintenance of normal intestinal functions. The intestinal morphology can be affected by periweaning failure to thrive syndrome (Moeser et al., 2012) , pathogenic infection (Price et al., 2010) , and environmental stressors (Zhao et al., 2007) . In the present study, the ETEC K88 challenge tended to decrease the villus height and crypt depth in all of the intestinal segments, and this finding is in agreement with a former study that used an ETEC K88 challenge pig model (Yi et al., 2005) . However, the interaction between breed and ETEC K88 challenge had no effect on the intestinal morphology, which indicates that the 2 breeds responded similarly to the ETEC K88 challenge. We speculated that this result may be also attributed to the short experimental period and further morphological changes may occur over a more extended period. There were only marked breed differences in the villus heights and the ratio of villus to crypt in the ileum, which supports the hypothesis that Jinhua pigs may normally have a stronger intestinal structure. The effects of the ETEC K88 challenge on the intestinal morphologic structures were segment dependent, which could be attributed to the preference of ETEC bacteria to colonize the middle and distal portions of the small intestine (Nabuurs, 1998) . It should be noted that the nonchallenged Landrace pigs exhibited significantly shorter villi compared with the Jinhua pigs. These shorter villi, plus the deeper crypts observed in Landrace pigs, reflect the presence of fewer absorptive and more secretory cells in the intestine, which can result in decreased absorption but increased secretion. Therefore, the higher amount of unabsorbed dietary material flowing to the hind gut would act as a substrate for ETEC and encourage bacterial proliferation (Pluske et al., 1997) . Taken together, the observed changes in the intestinal morphology and gut microbial populations in response to ETEC K88 challenge may act concomitantly to increase the incidence of diarrhea and the susceptibility to ETEC K88 in Landrace pigs.
The intestinal epithelia, particularly the internal tight junctions between enterocytes, also play important roles in the maintenance of intestinal permeability. The permeability of the intestinal epithelium can be increased by enteric pathogens and endotoxin translocation through the alteration of tight junctions (Moreto and PerezBosque, 2009 ). Infection with ETEC can negatively alter the tight junction protein expression in weanling piglets (Ewaschuk et al., 2011) . Similarly, our findings indicated that challenge with ETEC K88 decreased the mRNA expression of tight junction proteins (claudin-1, occludin, in all of the intestinal segments in both pig breeds. One speculated reason is that ETEC can significantly increase the paracellular permeability of the small intestine through either actomyosin ring alteration or occludin dephosphorylation and ZO-1 redistribution (Berkes et al., 2003) . In addition, the increased permeability caused by impaired intestinal tight junction has been associated with increased incidence 3 IFN-γ = interferon gamma; TNF-α = tumor necrosis factor alpha; TGF-β = transforming growth factor beta.
of secretory diarrhea (Moreto and Perez-Bosque, 2009 ); therefore, the reduced expression levels of tight junction proteins is also in agreement with the increased incidence of diarrhea in the challenged pigs observed in the present study. Moreover, the ETEC K88 challenge markedly affected the expression of occludin, ZO-1, and ZO-2 in the jejunum and claudin-1, ZO-1, and ZO-2 in the ileum, which indicates that the reduction in the expression of intestinal tight junction proteins in response to ETEC K88 challenge is also site dependent. This finding could be attributed to the gradual increase in gut-associated lymphatic tissues from the middle jejunum to the distal ileum, where the antigen uptake, immune stimulation, and the intestinal barrier disturbance can be further provoked by pathogen invasion. Different pig breeds may exhibit different intestinal barrier functions. For example, Meishan and Yorkshire pigs exhibit different barrier responses after LPS infusion (Albin et al., 2007) . In the present study, the diminished mRNA expression of tight junction proteins was associated with ETEC K88 challenge in both breeds. The interaction between breed and ETEC K88 challenge significantly affected the levels of jejunal occludin and ZO-2 and ileal claudin-1, which indicates that the 2 pig breeds respond differently to ETEC K88 challenge. However, because the baseline mRNA levels of tight junction proteins were higher in Jinhua pigs and even higher with ETEC K88 challenge, Jinhua pigs may possess improved barrier functions that make them better able to maintain their intestinal physiology. Cytokines play crucial roles in the modulation of the inflammatory response in the GIT. Numerous proinflammatory cytokines (e.g., TNF-α, IFN-γ, and IL-6) are essential in the mediation of the inflammatory response caused by pathogen infection (Lippolis, 2008) . Our results showed significantly increased levels of proinflammatory cytokines and sIgA with ETEC K88 challenge in both pig breeds, which suggests that the intestinal mucosal immune system becomes activated in the presence of ETEC and that inflammation occurred (Brandtzaeg, 2010) . Anti-inflammatory cytokines (e.g., IL-4, IL-10, and TGF-β) are important for the attenuation and/or containment of the inflammatory process through the inhibition of the production of proinflammatory cytokines. However, a decreased production of IL-4 and TGF-β was observed in response to ETEC K88 challenge. This result is most likely due to the synergistic effects of cytokines on the inflammatory pathways and processes; that is, higher levels of proinflammatory cytokines may inhibit the production of anti-inflammatory cytokines. The interaction between breed and ETEC K88 challenge exerted an effect on cytokine production, which showed that the influence of ETEC K88 challenge on the production of TNF-α and IL-4 was greater in the challenged Landrace pigs compared with their Jinhua counterparts.
These results suggests that the immune stress caused by ETEC K88 challenge is more pronounced in the Landrace pigs, which further supports the hypothesis that Landrace pigs were more susceptible to ETEC K88 challenge. Furthermore, the ETEC K88 challenge showed marked effects of on all of the cytokines and sIgA. This finding suggests that mucosal immunity was actively induced by ETEC K88 infection. The activation of the mucosal immune system results in the prevention of ETECinduced diarrhea (Snoeck et al., 2003) . Therefore, the reduction in the incidence of diarrhea may be attributed to the induction of cytokines. In addition, the activation of the mucosal immune system may exhibit a feedback modulation of the intestinal barrier functions and gut microbiota. Proinflammatory cytokines, such as TNF-α and IFN-γ, are known to induce the endocytosis of tight junction proteins and subsequently cause increased permeability (Capaldo and Nusrat, 2009 ). Secretory immunoglobulin A is produced by the plasma cells residing in the intestinal lamina propria, which fulfill the function of controlling the number of microbiota in the GIT (Sekirov et al., 2010) . Therefore, the increased production of cytokines and sIgA with ETEC K88 challenge may in turn lead to the induction of intestinal permeation, which would allow the further entry of antigens, toxins, and pathogens into the circulatory system, and eventually result in triggering the consequent inflammatory cascades (Kim et al., 2012) and preventing the overgrowth of gut microbes.
In summary, several physiological parameters, including growth performance, colonic microbial population, ileal morphology, expression of intestinal tight junction proteins, and cytokine production, were different between Jinhua and Landrace pigs without ETEC K88 challenge in the present study. However, the ETEC K88 challenge caused distinctive responses between the 2 breeds. In response to ETEC K88 challenge, the Jinhua pigs appeared to exhibit better growth performance, a lower incidence of diarrhea, and a lower extent of immune activation compared with the Landrace pigs. The influences of the challenge on the microbial populations and the mRNA expression of tight junction proteins were stronger in Jinhua pigs. However, the higher levels of Lactobacillus, the higher percentage of Lactobacillus in the total bacteria population, the higher ratio of Lactobacillus to E. coli, and the higher mRNA levels of tight junction proteins in the Jinhua pigs with and without challenge suggest that these pigs may possess a better ability to maintain the intestinal physiology homeostasis. However, further studies should address more underlying mechanisms because there are many other important aspects of the intestinal physiology and health that may also be affected by ETEC K88 challenge. Nevertheless, our findings may help the recognition of the excellent characteristics of Jinhua pigs.
